A new type of xyloglucan-degrading enzyme was isolated from the cell wall of azuki bean (Vigna angularis Ohwi et Ohashi cv. Takara) epicotyls and its characteristics were determined. The enzyme was purified to apparent homogeneity by Concanavalin A (Con A)-Sepharose, cation exchange, and gel filtration columns from a cell wall protein fraction extracted with 1 M sodium chloride. The purified enzyme gave a single protein band of 33 kDa on SDS-PAGE. The enzyme specifically cleaved xyloglucans and showed maximum activity at pH 5.0 when assayed by the iodine-staining method. An increase in reducing power in xyloglucan solution was clearly detected after treatment with the purified enzyme. Xyloglucans with molecular masses of 500 and 25 kDa were gradually hydrolyzed to 5 kDa for 96 h without production of any oligo-or monosaccharide with the purified enzyme. The purified enzyme did not show an endo-type transglycosylation reaction, even in the presence of xyloglucan oligosaccharides. Partial amino acid sequences of the enzyme shared an identity with endo-xyloglucan transferase (EXGT) family, especially with xyloglucan endotransglycosylase (XET) from nasturtium. These results suggest that the enzyme is a new member of EXGT devoted solely to xyloglucan hydrolysis.
Introduction
In the primary cell wall of dicotyledons, xyloglucans are the major component of the matrix polysaccharides and serve as cross-links between microfibrils to form the complex polysaccharide network of the cell wall (Bauer et al. 1973 , Hayashi 1989 . During the auxin-induced cell elongation in dicotyledonous plants, auxin has been shown to induce the degradation (Labavitch and Ray 1974) , solubilization (Terry et al. 1981) , decrease in molecular mass Masuda 1981, Nishitani and Masuda 1983) , and stimulation of autolysis (Hoson 1990 ) of xyloglucans. Fucose-binding lectins and antibodies raised against xyloglucan oligosaccharides suppress the auxin-induced cell elongation and cell wall loosening as well as the breakdown of xyloglucans . These inhibitory effects support the view that the breakdown of xyloglucans is associated with the wall loosening that is responsible for the auxin-induced cell elongation in dicotyledons.
Two classes of enzymes are known to be involved in the metabolism of xyloglucans. One is endo-1,4->-glucanase (Byrne et al. 1975, Hayashi and . The enzyme is a hydrolase capable of cleaving 1,4->-glucosyl linkages in several glucans, including xyloglucans and carboxymethylcellulose (CMC), and has also been termed a cellulase because of its potential activity towards cellulose (Wong et al. 1977) . Supraoptimal auxin induces the accumulation of endo-1,4->-glucanase or its mRNA (Byrne et al. 1975, Hayashi and . However, it is still unclear whether this enzyme is associated with the cell wall loosening that is responsible for the stem elongation in dicotyledons, because supraoptimal auxin induces swelling rather than elongation. Matsumoto et al. (1997) isolated xyloglucan-specific endo-1,4->-glucanase from auxin-treated pea stems. The enzyme showed xyloglucan-hydrolase activity but no cellulase activity. The physiological role of this enzyme has not been reported.
The other is endo-xyloglucan transferase (EXGT) or xyloglucan endotransglycosylase (XET) that catalyzes molecular grafting between xyloglucan molecules and can thereby mediate an interchange between xyloglucan cross-links in the framework (Nishitani and Tominaga 1992 , Fry et al. 1992 , Fanutti et al. 1993 ). However, EXGTs do not degrade xyloglucans in the absence of xyloglucan oligosaccharides. The determination of xyloglucan oligosaccharide levels in the apoplast of azuki bean by an immuno assay with xyloglucan-specific antibodies indicated that the level was low as 10 -9 M (unpublished data). Thus, it is unlikely that EXGT is involved in xyloglucan breakdown in situ.
Analysis of cDNAs encoding EXGT and its structurally related proteins have revealed that these enzymes constitute a large multi-gene family termed xyloglucan-related proteins (Nishitani 1997) . A xyloglucan hydrolase/endotransferase (XGH/T) has been purified from the cell wall of azuki bean epicotyls (Tabuchi et al. 1997) . This enzyme exhibited hydrolytic activity towards high molecular mass xyloglucans, whereas it hardly cleaved xyloglucans with molecular masses smaller than 60 kDa. The enzyme also showed endotransferase activity when xyloglucan oligosaccharides were present as an acceptor. A similar enzyme has been purified from kiwifruit cell wall (Schröder et al. 1998) . These enzymes can degrade xyloglucans both in the presence and absence of xyloglucan oligosaccharides. However, xyloglucans with a molecular mass smaller than 60 kDa are also produced during auxin-induced cell elongation in dicotyledons. Therefore, it appears that another type of xyloglucan-degrading enzyme, showing different action patterns is present. During purification of XGH/T from the cell wall of azuki bean epicotyls, we detected the presence of another peak of xyloglucan-degrading activity.
Here, we report the purification of this enzyme and its characterization as a novel member of the EXGT family, which has hydrolase activity but no endotransferase activity.
Materials and Methods

Materials
Seeds of azuki bean (Vigna angularis Ohwi et Ohashi cv. Takara) were soaked in running tap water for 1 d at 30°C and then grown on gauze in a plastic dish, filled with water, at 25°C in darkness. Epicotyls (4-5 cm) were collected after 6 d and used as the source of enzymes and xyloglucans. Xyloglucans were prepared from azuki epicotyls, as reported previously Masuda 1981, Nishitani and Tominaga 1992) . These xyloglucans were dissolved in 0.1 M sodium hydroxide and applied to a column of Sepharose CL-4B (Pharmacia, Uppsala, Sweden) that had been equilibrated with 0.1 M sodium hydroxide to separate xyloglucans with different molecular masses. Xyloglucan oligosaccharides were prepared from the purified xyloglucans by treatment at 37°C for 24 h with a cellulase purified from Trichoderma viride (Sigma, St. Louis, MO, U.S.A.). The products of digestion were chromatographed on a column of Toyopearl HW-40S (Tosoh, Tokyo, Japan) that had been equilibrated with water. Fractionated xyloglucan oligosaccharides corresponding to nona-and heptasaccharides were used for measurement of effects of oligosaccharides on xyloglucan-degrading activities and for further chemical modifications. The reducing ends of the xyloglucan oligosaccharides were coupled with 2-aminopyridine by reductive amination with boranedimethylamine complex (Kondo et al. 1990 ) using a reaction apparatus (Palstation, model 4000; Takara, Kyoto, Japan). Substrate specificity was examined using various polysaccharides. CMC was purchased from Wako (Osaka, Japan). Laminarin (from Laminaria digitata), lichenan (from Cetraria islandica), and barley 1,3-1,4-b-Dglucans were purchased from Sigma. Tamarind xyloglucans are a gift from Mr. K. Yamatoya, Dainippon Seiyaku Co. (Osaka, Japan).
Purification of xyloglucan-degrading enzymes
All procedures were performed at 4°C. Azuki epicotyls were homogenized in a blender with 10 mM sodium phosphate buffer (pH 7.0). The homogenate was filtered through a polypropylene mesh (32 mm) to obtain the cell wall fraction. This fraction was washed with the same buffer and then resuspended in 10 mM sodium phosphate buffer (pH 6.0) that contained 1 M sodium chloride. The suspension was stirred for 24 to 48 h at 4°C and filtered through the polypropylene mesh. The precipitate obtained at 80% saturation with ammonium sulfate was collected and dissolved in 0.2 M sodium acetate buffer that contained 0.2 M sodium chloride (pH 6.0). The solution was dialyzed for 24 h against 20 mM Tris-hydrochloric acid (pH 7.5) buffer that contained 0.2 M sodium chloride, 1 mM manganese chloride, and 1 mM calcium chloride. Then aliquots of the solution were applied to a column of Concanavalin A (Con A)-Sepharose 4B (Pharmacia) that had been equilibrated with the same buffer and eluted as described previously (Hoson et al. 1995) . The bound fraction was collected, dialyzed against 10 mM MES-sodium hydroxide (pH 5.8), and then applied to a Mono-S HR 5/5 column (Pharmacia, 5 mm i.d.´50 mm) that had been equilibrated with the same buffer in a fast protein liquid chromatography (FPLC) system (Pharmacia). Bound proteins were eluted with a linear gradient of 0 to 1.0 M sodium chloride in the same buffer.
The active fraction was dialyzed against 10 mM MES-sodium hydroxide (pH 5.8), and re-chromatographed on a Mono-S column that had been equilibrated with the same buffer. The activity bound to this column was eluted with a linear gradient of 0 to 0.3 M sodium chloride in the same buffer. The active fractions were combined, concentrated, and subjected to a Superose-12 column (Pharmacia) with 20 mM sodium phosphate buffer (pH 6.0) that contained 0.5 M sodium chloride, 5% (w/v) glycerol, and 0.02% (w/v) sodium azide as the eluate. The active fractions were combined, concentrated, and applied to a Superdex-75 column (Pharmacia) with the same buffer as Superose-12 column. Protein content was determined with a Protein Assay Kit (Bio-Rad, Hercules, CA, U.S.A.). Concentrations of protein in eluates from columns were also estimated by monitoring A 280 .
SDS-PAGE
SDS-PAGE was performed, as reported by Laemmli (1970) with a Phast System (Pharmacia). Precast 20% (w/v) polyacrylamide gels (PhastGel homogeneous 20; 42´50 mm 2 , 0.45-mm thick) were purchased from Pharmacia. Proteins were visualized by staining with silver, using a Silver Kit (Pharmacia).
Assays of enzymatic activity
Assays were performed at 37°C with 50 mg of azuki xyloglucans of 400-600 kDa and various amounts of preparations of enzymes in 50 ml of 0.2 M sodium phosphate buffer (pH 5.0), with incubation for 2 h, unless otherwise indicated. After incubation, the reaction was terminated by boiling. The activities of xyloglucan-degrading enzymes were assayed by the iodine-staining method (Kooiman 1960) , and expressed in terms of the decrease in A 640 of the xyloglucan-iodine complex. Activities were also assayed by measuring the reducing power of the reaction mixture with the neocuproine assay (Dygert et al. 1965) .
Characterization of the enzyme
An HPLC system (LC-6A; Shimadzu, Kyoto, Japan) equipped with two pumps, a system controller, a refractive index detector (RID-6A; Shimadzu), and a TSK-G5000PW column (7.5 mm i.d.´600 mm; Tosoh) was used for the analysis of the mechanism of degradation of xyloglucans of the purified enzyme. The sample was eluted with 50 mM potassium phosphate buffer (pH 7.2) at a flow rate of 1 ml min -1 . Fractions were collected at 0.5 min intervals and the xyloglucan content of each fraction was determined by the phenol-sulfuric acid method (Dubois et al. 1956 ). Authentic dextrans (500, 70 and 10 kDa; Sigma) were used as molecular mass standards. To compare the actions of the purified enzyme on xyloglucans with different molecular masses, we used xyloglucans of 500 and 25 kDa as substrates. The various reaction mixtures were incubated and analyzed as described above. In some experiments, fresh enzyme was added to each reaction mixture 72 h after the start of the incubation.
For measurement of effects of xyloglucan oligosaccharides on xyloglucan-degrading activity, a mixture of 0 to 300 mM of xyloglucan oligosaccharides and 100 mg of 400-600 kDa xyloglucans was incubated with either the purified enzyme or XGH/T purified from azuki in 100 ml of 0.2 M sodium phosphate buffer for 6 h at 37°C at pH 5.0, and 6.0, respectively. After the reaction, the activity in each mixture was measured by the iodine-staining method.
The activity of EXGT was measured by the method reported previously (Nishitani 1992) . Fifty mg of non-labeled xyloglucans and 0.6 mg of pyridylamino-labeled xyloglucan oligosaccharides (acceptor) were used as substrates and they were incubated with the purified enzyme in 60 ml of 0.2 M sodium acetate buffer (pH 5.8) for 6 h at 37°C. After the reaction, xyloglucans in mixture were analyzed by HPLC, as described above. The pyridylamino-labeled xyloglucans were detected with a fluorescence detector (RF-535; Shimadzu) with excitation at 320 nm and emission at 400 nm.
Determination of amino acid sequences of partial peptides
The peptide preparation of the purified enzyme was carried out as reported by Hellman et al. (1995) . The sample for sequence analysis was reduced with 50 mM dithiothreitol for 3 h at 25°C in 100 mM Tris-hydrochloric acid, pH 8.5, containing 1 mM EDTA and 6 M guanidine hydrochloride, and then pyridylethylated with 1 ml of redistilled 4-vinyl pyridine in the same solution for 2 h. The sample was fractionated by SDS-PAGE on a 10% gel, and 33-kDa polypeptides that were detected by staining with Coomassie Brilliant Blue were isolated from the gel. The isolated polypeptides were destained and digested with trypsin. The supernatant was collected. The generated peptides were extracted from the remaining gel pieces by treatment with trifluoroacetic acid and acetonitrile. The two extracts were combined. Fragment isolation was performed by HPLC using a Smart System (Pharmacia) on a reverse-phase column (mRPC C2/C18 SC 2.1/10, Pharmacia) and the eluate was monitored with an integrated mPeak detector. The sample was eluted with the gradient of 0-40% acetonitrile in 0.065 to 0.05% trifluoroacetic acid at a flow rate of 100 ml min -1 . The eluted fragments were blotted onto a polyvinylidene difluoride membrane (ProBlot; Applied Biosystems Inc., Foster City, CA, U.S.A.) and subjected to protein sequencing by automated Edman degradation with a protein sequencer (model 473A; Applied Biosystems Inc.).
Results
Purification of a novel type of xyloglucan-degrading activities from the cell wall of azuki bean epicotyls
Proteins extracted with 1 M sodium chloride from the cell wall preparation of azuki epicotyls had xyloglucan-degrading activities when assayed by the iodine-staining method. The xyloglucan-degrading enzyme was purified from the extract in 1 M sodium chloride by precipitation with ammonium sulfate, by subsequent column chromatography on Con A-Sepharose 4B, and using FPLC system equipped with Mono-S (Fig. 1A) , Superose-12 (Fig. 1B) , and Superdex-75 columns (Fig. 1C) . The xyloglucan-degrading enzyme was eluted from a column of Mono-S with a linear gradient of sodium chloride from 0 to 1.0 M in the 10 mM MES-sodium hydroxide buffer, pH 5.8. Four peaks of xyloglucan-degrading activity were obtained Fig. 1 Fractionation of xyloglucan-degrading enzyme on Mono-S, Superose-12, and Superdex-75 columns. Xyloglucan-degrading enzyme fraction from Mono-S was re-chromatographed on a column of Mono-S (A), and the active fractions were further purified on Superose-12 (B) and Superdex-75 columns (C). The protein in each fraction was incubated with azuki xyloglucans (20 mg) in 50 ml of 0.2 M sodium phosphate buffer (pH 5.0) for 2 h at 37°C. The enzymatic reaction was terminated by heating at 100°C for 5 min. The activity was determined by the iodine method and is expressed as the percentage decrease in color after staining with iodine. V0, Void volume; Vt, Glc. with the buffer containing 0 and 0.3 M sodium chloride. The first three peaks of activity contain XGH/T (Tabuchi et al. 1997) . The fourth peak of activity being 30% of the total activity, eluted by 0.2 M sodium chloride, was subjected to the next purification step. On the second Mono-S, the activities were eluted with 0.2 M of sodium chloride (Fig. 1A) . During chromatography on Superose-12 and Superdex-75 columns, most of the proteins associated with xyloglucan-degrading activity were eluted at apparent low molecular mass regions because of their strong adsorptions. However, silver staining revealed a single band of a 33-kDa protein after SDS-PAGE (Fig. 2) . The total activity present in the 80% saturated ammonium sulfate precipitation obtained from 3.0 kg FW azuki bean epicotyls was a 16% decrease in iodine staining for 10 min under the present assay conditions. The activity recovered after Superdex-75 column was 1.6% of the total activity.
Characterization of the mode of action of the purified enzyme
The purified enzyme showed the maximum xyloglucandegrading activity at pH 5.0 (Fig. 3) . The activity was also detected when reducing sugars were quantified by the neocuproine method. The reducing power in the reaction mixture increased linearly with the decrease in iodine staining during incubation up to 36 h (Fig. 4) . The constant rate of production of reducing power in combination with the rapid decrease in iodine staining suggest that the purified enzyme hydrolyzed xyloglucan molecules by an endo-type reaction. The enzyme is designated as a xyloglucan hydrolase (XGH) hereafter.
To confirm the endo-type action of XGH against xyloglucans, we analyzed changes in the molecular masses of 500 and 25 kDa xyloglucans caused by the enzymatic reaction by HPLC on a gel filtration column (TSK-G5000PW). Figure 5 shows the changes in the distribution of molecular masses of 500 and 25 kDa xyloglucans after reactions with XGH for 24, 48, 72, and 96 h. The peaks of xyloglucans shifted towards the region of lower molecular mass during a 24-h incubation. The shift continued with an increase in the incubation time up to 72 h. However, the molecular mass distribution of both 500 and 25 kDa xyloglucans hardly changed from 72 to 96 h, although 72 h after the start of the incubation fresh enzyme solution was added to each reaction mixture. After 72 h, xyloglucans with molecular masses of both 500 and 25 kDa were degraded into Fig. 2 Analysis of the purified enzyme by SDS-PAGE. The sample prepared from the purified enzyme fractionated on a Superdex-75 column was subjected to electrophoresis on a 20% (w/v) polyacrylamide gel that contained SDS and then proteins were stained with silver. Markers are indicated on the left side of the gel (M) (94 kDa, phosphorylase b; 67 kDa, bovine serum albumin; 43 kDa, ovalbumin; 30 kDa, carbonic anhydrase; 20 kDa, soybean trypsin inhibitor; 14 kDa, a-lactalbumin).
Fig. 3
Effects of pH on the xyloglucan-degrading activities. Xyloglucans (100 mg) from azuki epicotyls were incubated with the purified enzyme (filled circle) and XGH/T (unfilled circle) and 0.2 M citratesodium phosphate buffer at various pH in a 100-ml of reaction mixture. The activity was determined by the iodine method. The activity is expressed as the relative value (%) to the most active pH. For other details, see Fig. 1 . Fig. 4 Time course of the reaction of the purified enzyme (XGH). Xyloglucans (200 mg) from azuki epicotyls were incubated with the purified enzyme preparation and 0.2 M sodium phosphate buffer (pH 5.0) in a 200-ml of reaction mixture. The mixture was incubated at 37°C and aliquots were subjected to the determination of reducing power and the iodine staining. The activities are expressed as the percentage decrease in color after staining with iodine (filled circle) and the increase in reducing power (unfilled circle). Values are means ± SE (n=3). For other details, see Fig. 1 . products of about 5 kDa (Fig. 5) . No oligo-or monosaccharides were produced during the reaction. Figure 6 shows the effects of xyloglucan oligosaccharides on the xyloglucan breakdown by XGH/T and XGH. The activity of the purified XGH/T was enhanced approximately 3-to 5-fold by the addition of 10 to 300 mM of a mixture of xyloglucan oligosaccharides. On the contrary, the activity of XGH was not enhanced by the oligosaccharides.
We examined the endotransferase activity of XGH using pyridylamino-labeled xyloglucan oligosaccharides as acceptor substrates. When monitored with a refractive index detector, both XGH/T and XGH caused a shift of peak of high molecular mass xyloglucans towards the region of lower molecular masses during a 6-h incubation. However, the endotransferase activity monitored by a shift of fluorescence peak was not detected in XGH, although it was clearly detected in XGH/T (Fig. 7) .
The substrate specificity of XGH was examined with soluble derivatives of cellulose such as CMC, and with 1,3-1,4-b-Dglucans, lichenan, laminarin, and tamarind xyloglucans. The increase in the reducing power of solutions was determined by the neocuproine method. XGH hydrolyzed tamarind xyloglucans, which lack terminal fucose residues, as well as azuki xyloglucans. However, the enzyme did not increase the reducing power of polysaccharide solutions incubated with polysaccharides other than xyloglucans.
Amino acid sequences of internal fragments of XGH
Purified XGH was used for the determination of amino acid sequences. XGH was digested with trypsin, which cleaves at the carboxy-terminal side without proline residue of arginine and lysine, and two peptides were obtained. The amino acid sequences of the two XGH peptides had 44% and 24% identity with the corresponding regions of azuki EXGT (Okazawa et al. 1993) , and 78% and 64% identity with the corresponding regions of nasturtium seed XET (de Silva et al. 1993) (Fig. 8) .
Fig. 5
Changes in molecular mass distribution of xyloglucans during incubation with XGH. The 500 and 25 kDa xyloglucans (500 mg) from azuki epicotyls were incubated each with XGH in 500 ml of 0.2 M sodium phosphate buffer (pH 5.0) at 37°C for 24, 48, 72, and 96 h. Before and after reactions, the mixtures were analyzed by HPLC on a gel-filtration column (TSK-G5000PW). The sample was eluted with 50 mM potassium phosphate buffer (pH 7.2) at a flow rate of 1 ml min -1 . Fractions were collected at 0.5 min intervals and the xyloglucan content of each fraction was determined by the phenolsulfuric acid method. Vertical bars show the elution positions of molecular mass standards (with molecular masses in kDa). For other details, see Fig. 1 .
Fig. 6
Effects of xyloglucan oligosaccharides on the xyloglucandegrading activities. A mixture of 100 mg of 600 kDa xyloglucans and 0 to 300 mM of xyloglucan oligosaccharides was incubated with XGH/T (unfilled circle) and XGH (filled circle) in 100 ml of 0.2 M sodium phosphate for 6 h at 37°C at pH 6.0 and 5.0, respectively. After the incubation, the activity in each mixture was measured by the iodinestaining method and expressed as the relative value. In the absence of xyloglucan oligosaccharides, the decrease in iodine staining for both enzyme preparations was ca.10%. Values are means ± SE (n=3). For other details, see Fig. 1 .
Discussion
In the present study, a novel type of xyloglucan-degrading enzyme was purified from the cell wall of azuki bean epicotyls. The purified XGH caused a decrease in staining by iodine of xyloglucan solution as well as an increase in the reducing power in it. Because the intensity of staining is roughly correlated with the molecular mass of xyloglucans between 20 and 1,000 kDa and complete decolorization does not occur until xyloglucans have been degraded to fragments of 10 kDa or smaller (Kooiman 1960 , Sulová et al. 1995 , the activity appeared to cause a decrease in the molecular mass of xyloglucans. Actually, XGH caused a degradation of the purified xyloglucans with molecular masses of 500 and 25 kDa to 5 kDa during incubation for 96 h (Fig. 5) . During the reaction, no oligo-or monosaccharides were detected as products on a gel filtration column. These results suggest that XGH can hydrolyze xyloglucans in an endo-type fashion to 5 kDa fragments.
Pea stem cells contain two distinct endo-1,4->-glucanases (Wong et al. 1977 . These enzymes are cellulases, but hydrolyze xyloglucans preferentially when incubated with the mixture of cellulose and xyloglucans. proposed that xyloglucans are the main substrate for pea endo-1,4->-glucanases in growing cell walls. In the present study, XGH did not show any endo-1,4->-glucanase activity, nor did it react with 1,3->-D-glucans or 1,3-1,4->-D-glucans. Furthermore, XGH did not produce xyloglucan hepta-and nonasaccharides, which are specific products of the endo-1,4->-glucanase action. Accordingly, XGH is different from the endo-1,4->-glucanases reported by . Matsumoto et al. (1997) purified a xyloglucan-specific endo-1,4->-glucanase from auxin-treated pea stems. The enzyme specifically cleaved the 1,4->-glucosyl linkages of the xyloglucan backbone to yield mainly hepta-and nonasaccharides. However, the molecular size (77 kDa on SDS-PAGE) and optimal pH (6.2) of the pea enzyme were different from those of XGH, in addition to the fact that XGH never produced xyloglucan oligosaccharides. Therefore, XGH is different from the xyloglucan-specific endo-1,4->-glucanase. XGH like the EXGT is a glycoprotein eluted in a low molecular mass region by gel filtration. XGH showed a clear band with an apparent molecular mass of 33 kDa on SDS-PAGE (Fig. 2) , which is similar to that of EXGT. However, XGH is different from EXGT in several points. EXGT was purified from the extracellular or apoplastic fluid collected from azuki bean epicotyls by low speed centrifugation (Nishitani and Tominaga 1992) , while the xyloglucan hydrolase activities were detected in a protein fraction extracted with 1 M sodium chloride from the cell wall and only a little activity was present in the apoplastic solution (Hoson 1993) . XGH had hydrolase activity (Fig. 4) , whereas EXGT did not (Nishitani and Tominaga 1992) . The uniform broadening of the elution profile without any change in peak position is a characteristic of polysaccharide to polysaccharide endotransglycosylation Fig. 7 The transfer of xyloglucan segments to pyridylamino-labeled xyloglucan oligosaccharides during incubation with XGH/T and XGH. A mixture of 50 mg of non-labeled 600 kDa xyloglucans and 0.6 mg of pyridylamino-labeled xyloglucan oligosaccharides was incubated with either XGH/T (left) or XGH (right) in 60 ml of 0.2 M sodium acetate (pH 5.8) at 37°C for 6 h. Upper profiles show the reaction with using enzymes denatured by heating as a control. The products of the reaction were analyzed as described in Fig. 5 and detected with a fluorescence detector. Fig. 8 Comparison of amino acid sequences of two peptide fragments from XGH with the corresponding regions of EXGT and nasturtium seed XET. Peptides preparation was performed according to the method reported by Hellman et al. (1995) . The XGH was reduced and fractionated by SDS-PAGE and stained with Coomassie Brilliant Blue. The band corresponding to XGH was isolated, destained, and digested with trypsin. The generated peptides were isolated by HPLC on a reverse-phase column. The eluted fragments were blotted onto a polyvinylidene difluoride membrane and then, amino acid sequences were determined using an automated protein sequencer (see Materials and Methods). The identical amino acids are indicated by a gray background and aligned by introducing gaps to maximize identity. Aliment of the corresponding regions from azuki bean EXGT (Okazawa et al. 1993 ) and nasturtium seed XET (de Silva et al. 1993 ) is shown.
catalyzed by EXGT (Nishitani and Tominaga 1992) . XGH caused only a decrease in molecular masses of xyloglucans from 500 and 25 kDa to 5 kDa for 72 h and did not show the polysaccharide to polysaccharide endotransglycosylation (Fig.  5) . On the other hand, XET showed the activity to produce xyloglucan oligosaccharides and to incorporate xyloglucan oligosaccharides into polymeric xyloglucans via transglycosylation (Fry et al. 1992 ). The xyloglucan depolymerization was enhanced by the oligosaccharides, because the cleaved fragments can, in turn, serve as acceptors (Farkaš et al. 1992) . In contrast, XGH hydrolyzed xyloglucans without producing the oligosaccharides (Fig. 5) and its activity was not enhanced by the xyloglucan oligosaccharides (Fig. 6) . Thus, there are various differences in the enzymatic nature between XGH and EXGT or XET.
The mode of action of XGH was also different from that of XGH/T, although both enzymes were purified from the same material. HPLC analysis of the molecular sizes of xyloglucans treated with XGH indicated that the enzyme caused a gradual shift of the distribution profile to the lower molecular mass region, but did not produce a clear peak in the 50 kDa region (Fig. 5) , which was a specific product of XGH/T action (Tabuchi et al. 1997 ). XGH appears to cleave mainly at the mid region of entire xyloglucan molecules, producing 5 kDa fragments as the final products. The optimal pH value for XGH was 5.0, which was lower by about 1 unit than that of XGH/T, and the XGH activity at pH 6.0 was a half of that at pH 5.0 (Fig. 3) . The reaction rate at pH 5.0 of XGH was 20 times higher than that of XGH/T. The xyloglucan-degrading activity of XGH in the present study was not enhanced by the additional xyloglucan oligosaccharides, although XGH/T activity was enhanced prominently (Fig. 6) . Furthermore, XGH did not show any transferase activity even in the presence of pyridylamino-labeled xyloglucan oligosaccharides as acceptor substrates (Fig. 7) . Thus, the mode of action of XGH is clearly different from that of already reported EXGTs including XGH/T.
The amino acid sequences of two internal fragments from XGH had 78% and 64% identity with those from nasturtium XET and 44% and 24% identity with those from azuki EXGT (Fig. 8) . EXGT family from many plant species has been classified into three groups (Xu et al. 1996) . Azuki EXGT and nasturtium XET belong to groups I and III, respectively. Enzymes in this family show a common molecular process in their catalytic procedure (cleavage of a >-1,4-glucosyl linkage in the xyloglucan backbone), but they also show slightly different catalytic activities (Nishitani 1995) . EXGT does not exhibit hydrolase activity unlike XET and XGH. XGH may be included as a member of group III. However, XGH does not show any transferase activity and would be the first EXGT member that has only hydrolase activity. Thus, XGH may belong to a fourth group which is devoted solely to hydrolysis in EXGT family. To examine this possibility, the cloning of XGH cDNA is in progress.
The involvement of XGH in the cell wall loosening responsible for stem elongation should be examined in further detail. Auxin induces the degradation (Labavitch and Ray 1974) , solubilization (Terry et al. 1981) , decrease in molecular mass Masuda 1981, Nishitani and Masuda 1983) , and stimulation of autolysis (Hoson 1990 ) of xyloglucans, when it stimulates elongation of stem segments in dicotyledons. XGH was shown to hydrolyze xyloglucan molecules entirely. The action pattern of XGH is in agreement with such changes in xyloglucan structure due to auxin. XGH is found in elongating regions of azuki bean epicotyls and its activity is higher in growing tissues compared with that of XGH/T (unpublished data). Thus, there is a possibility that the enzyme may participate in cell elongation. In addition, the xyloglucandegrading activities of XGH and XGH/T account for 30% and 70% of the total activities in the cell wall, respectively, as mentioned above. XGH/T hydrolyzed xyloglucans of high molecular mass to yield fragments of about 50 kDa (Tabuchi et al. 1997) . On the other hand, XGH can further hydrolyze the 50 kDa products to 5 kDa fragments (Fig. 5) . Therefore, if XGH is located near XGH/T in the cell wall architecture and both enzymes act on the same xyloglucan molecules in concert, xyloglucan breakdown responsible for cell wall loosening would progress more effectively. The activity of hydrolases secreted into the cell wall is influenced by the wall environment, especially pH (Hoson 1993 , Hoson 1998 ). According to the acid growth theory (Cleland 1971 , Hager et al. 1971 , auxin activates a plasma membrane proton pump, which acidifies the cell wall leading to wall loosening by stimulating biochemical modifications of matrix polysaccharides. Also, the molecular mass of xyloglucans in azuki bean epicotyls has been shown to be decreased in acidic conditions (Nishitani and Masuda 1982) . Since XGH shows high activity in acidic conditions, it may also be involved in acid-induced cell wall expansion.
